Introduction {#sec1}
============

Dye-contaminated wastewaters from textile, plastic, and paper industries cause worldwide attention in the water environment. The textile industry presents a global pollution problem on account of the accidental or dumping discharge of dye waste--water into waterways.^[@ref1]^ To meet stringent environmental regulations, the treatment of dye wastewater is compulsory, enforced, and highly regulated. Advanced oxidation processes (AOPs) are used as an efficient and robust method for the treatment of dye wastewater because of their low toxicity and high degradation performance. AOPs are based on the generation of highly reactive HO^•^ to degrade organic pollutants.^[@ref2]^ The HO^•^ radicals are produced by either hydrogen peroxide (H~2~O~2~) and/or ozone (O~3~) whereby ultrasound, light, and temperature can be used to support the process. Oxidation with Fenton- or Fenton-like reactions is a promising process within AOPs, resulting mainly from the generation of HO^•^ radicals that efficiently and nonselectively degrade organic pollutants.^[@ref3],[@ref4]^ However, there are still many disadvantages when applying such homogeneous Fenton- or Fenton-like reactions, such as the restricted experimental conditions, the accumulation of iron hydroxide sludge, and the nonregeneration of the catalyst.^[@ref5]−[@ref7]^

In order to overcome these disadvantages of the homogeneous reaction, heterogeneous Fenton-like catalysts were developed as a suitable alternative, which at the same time allows the catalyst to be reused in further cycles. The iron species are commonly immobilized in catalyst supports, such as clay,^[@ref8]−[@ref12]^ alumina,^[@ref13],[@ref14]^ zeolite,^[@ref15],[@ref16]^ silica,^[@ref17]^ and carbonaceous materials.^[@ref18]−[@ref21]^ Therefore, the Fenton or Fenton-like reactions generally occur at the solid--liquid interfaces, where the iron remains substantially in the solid phase either as a mineral or as an adsorbed ion.^[@ref18],[@ref22]^ In particular, carbonaceous materials, such as activated carbon (AC),^[@ref20],[@ref23],[@ref24]^ carbon nanotubes (CNTs),^[@ref18],[@ref21],[@ref25]^ mesoporous carbon,^[@ref26]^ and carbon aerogels,^[@ref20],[@ref27]^ have been well proven as catalyst carriers to immobilize the iron species because of their special performance as a cocatalyst. Recently, Voitko et al.^[@ref28]^ reported that graphene oxide (GO) showed better degradation performance than CNTs and AC, which was attributed to the many oxygen-containing functional groups of the GO plates. Although GO shows great attractiveness to act as a catalyst support, there are very few works reported using GO in heterogeneous Fenton-like catalysts for the degradation of persistent organic pollutants. The main reason is the difficulty in recycling of iron species and the catalyst support. Therefore, embedding iron species onto proper supports to improve their recyclability and stability is an important issue. A step in this direction was taken by Zubir et al.,^[@ref29]−[@ref31]^ who reported in recent years on the use of GO/Fe~3~O~4~ nanocomposites to degrade acid orange 7 (AO7). Although the interaction of GO and Fe~3~O~4~ leads to the stability and great performance in the degradation of AO7, the use of GO as the catalytic support still limits its convenient application as it is difficult to remove the catalyst after the catalytic reaction.

This work proposes a novel approach to use cellulose/GO hydrogels as a catalyst support for catalysis, especially in the Fenton-like reaction system. The iron species can be processed into catalytic composite materials based on film or paper, the so-called "dip catalyst". A "dip-catalyst" is characterized by its high recyclability and its convenient use, in particular by the fact that it can switch the reaction on and off almost immediately by immersion/removal in the reaction medium. Such catalytic film-based composites can be prepared by dip-coating cellulose/GO hydrogels with iron ions. As proved in our previous work, we have successfully produced cellulose/GO hydrogel with GO sheets uniformly dispersed within the cellulose matrix. The open network structure formed by cellulose provides ideal conditions for the easy diffusion of Fe^2+^ and Fe^3+^ into the cellulose/GO hydrogel. Thus, Fe~3~O~4~ can immobilize uniformly onto the GO surface and the cellulose chains, while maintaining the structure of the cellulose matrix. Although, the cellulose matrix contains GO and Fe~3~O~4~ nanoparticles, it retains the hydrogel structure during the catalyst reaction so that no secondary contamination occurs.

About half of the worldwide production of dyes can be classified as azo compounds that have one or more azo groups (−N=N−) in their molecular structure.^[@ref4],[@ref6]^ Among the azo dyes, AO7 is the most widely used dye in the textile manufacturing industry because of its high stability and low cost.^[@ref5]^ Therefore, this dye was used as a model pollutant to study the catalytic performance of cellulose/GO/Fe~3~O~4~ composites with respect to oxidation in the heterogeneous Fenton-like reaction.

Results and Discussion {#sec2}
======================

Preparation and Properties of Cellulose/GO/Fe~3~O~4~ Composites {#sec2.1}
---------------------------------------------------------------

The preparation of cellulose/GO/Fe~3~O~4~ composites is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. We used the NaOH/urea aqueous solution in the first step to prepare the cellulose/GO hydrogel because the NaOH/urea aqueous solution was found to facilitate good dispersion of GO in the cellulose matrix, which was sketched in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. The proposed generation mechanism of Fe~3~O~4~ nanoparticles in cellulose/GO hydrogel is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c,d. When the cellulose/GO hydrogel was immersed in the FeCl~3~/FeCl~2~ solution, Fe^3+^/Fe^2+^ were adsorbed around the carboxyl and hydroxyl groups of the cellulose and the GO sheets. Afterward, when NaOH was added into the solution, Fe^3+^/Fe^2+^ were hydrolyzed to generate Fe(OH)~3~/Fe(OH)~2~. After the condensation of Fe(OH)~3~/Fe(OH)~2~, Fe~3~O~4~ was immobilized in the cellulose/GO hydrogel. Multiple hydrogen bonds formed in the cellulose/GO/Fe~3~O~4~ hydrogel, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e, stabilize the Fe~3~O~4~ nanoparticle dispersion in the hydrogel.

![Illustration of cellulose/GO/Fe~3~O~4~ hydrogel synthesis: (a) cellulose and GO; (b) cellulose/GO hydrogel; (c) cellulose/GO hydrogel in FeCl~3~/FeCl~2~ solution; (d) cellulose/GO/Fe~3~O~4~ hydrogel; (e) multiple hydrogen bonds.](ao-2019-001706_0001){#fig1}

The results of structural and morphological analysis of cellulose/GO/Fe~3~O~4~ composites are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The cellulose/GO hydrogel as the catalyst support provides ideal conditions for easy diffusion of Fe^2+^ and Fe^3+^ into the hydrogel and their efficient reaction with GO and cellulose. The Fe~3~O~4~ nanoparticles formed in NaOH were evenly generated on the surface of GO sheets and cellulose chains ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b). The average size of the Fe~3~O~4~ is 10--13 nm, as depicted in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c. It is noteworthy that due to the strong chemical interaction between the carboxylate ions and iron oxide,^[@ref32]^ Fe~3~O~4~ nanoparticles were applied directly to the GO surface and cellulose without molecular links, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e.

![(a) Low magnification and (b) high magnification TEM images of Fe~3~O~4~ nanoparticles grown on GO sheets. (c) Fe~3~O~4~ nanoparticles size distribution as determined from TEM micrographs. (d) Wide scan XPS spectra of cellulose/GO (8%) and cellulose/GO (8%)/Fe~3~O~4~. (e) FTIR spectra of cellulose/GO (8%) and cellulose/GO (8%)/Fe~3~O~4~. (f) XRD spectra of cellulose/GO (8%) and cellulose/GO (8%)/Fe~3~O~4~.](ao-2019-001706_0002){#fig2}

The prepared composites were further analyzed using wide scan X-ray spectra to confirm the formation of Fe~3~O~4~ nanoparticles in the cellulose/GO hydrogel. The spectra of cellulose/GO (8%)/Fe~3~O~4~ shows photoelectron lines at binding energies of 285, 530, and 711 eV, which are attributed to C 1s, O 1s, and Fe 2p, respectively. More detailed XPS information of different composites is shown in [Figure S1a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b00170/suppl_file/ao9b00170_si_001.pdf). In the high resolution Fe 2p scan ([Figure S1b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b00170/suppl_file/ao9b00170_si_001.pdf)), the binding energy peaks at 724.7 and 711.2 eV correspond to Fe 2p~1/2~ and Fe 2p~3/2~, respectively. The generation of Fe~3~O~4~ nanoparticles can be confirmed by the disappearance of the charge-transfer satellite of Fe 2p~3/2~ at about 720 eV.^[@ref33],[@ref34]^ The formation of Fe~3~O~4~ nanoparticles was also confirmed by Fourier-transform infrared (FTIR) spectroscopy ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e). For cellulose/GO (8%)/Fe~3~O~4~ composite, there is an extra band at around 584 cm^--1^, which is attributed to Fe--O. The crystal structure of Fe~3~O~4~ nanoparticles was confirmed by the presence of diffraction peaks at 2θ = 30.3° (220), 35.4° (311), 43.3° (400), 53.6° (422), 57.2° (511), and 62.9° (440) in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f. All the peaks in the X-ray diffraction (XRD) patterns of Fe~3~O~4~ nanoparticles are consistent with reports in the literature.^[@ref35],[@ref36]^[Figure S2a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b00170/suppl_file/ao9b00170_si_001.pdf) shows the thermal stability of the composite films. The Fe~3~O~4~ nanoparticle content can be calculated by the residue of composite films with and without Fe~3~O~4~ ([Figure S2b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b00170/suppl_file/ao9b00170_si_001.pdf)). The Fe~3~O~4~ nanoparticle content of the different cellulose/GO/Fe~3~O~4~ composite was not affected by the content of GO in the cellulose/GO/Fe~3~O~4~ composites and is around 12 wt %.

Optimization Analysis of the AO7 Degradation Conditions {#sec2.2}
-------------------------------------------------------

The catalytic performance of cellulose/GO/Fe~3~O~4~ composites was assessed on the basis of their reactivity to the oxidation of AO7 as a model pollutant in the heterogeneous Fenton-like reaction. In this part, using cellulose/GO (8%)/Fe~3~O~4~ hydrogel as the catalyst, the optimization of the experimental conditions for the AO7 oxidation was performed, including the effects of the initial AO7 dye concentration, temperature, pH, and the initial concentration of H~2~O~2~. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a shows the relationship between the initial AO7 dye concentration and the degradation of AO7. As the AO7 dye content increased, the degradation activity obviously slowed down. The high AO7 concentration leads to inductive effects and the active sites of the cellulose/GO (8%)/Fe~3~O~4~ hydrogel were covered by excess AO7. Thus, it can limit the generation of HO^•^ from H~2~O~2~ at the active sites of the cellulose/GO (8%)/Fe~3~O~4~ hydrogel.

![(a) Effect of the initial AO7 concentration on the degradation of AO7 by H~2~O~2~ catalyzed with the cellulose/GO (8%)/Fe~3~O~4~ composite. (b) Effect of temperature on the degradation of AO7 by H~2~O~2~ catalyzed with the cellulose/GO (8%)/Fe~3~O~4~ composite. (c) Effect of H~2~O~2~ content for AO7 oxidation by H~2~O~2~ catalyzed with the cellulose/GO (8%)/Fe~3~O~4~ composite. (d) Effect of pH on the degradation of AO7 by H~2~O~2~ catalyzed with the cellulose/GO (8%)/Fe~3~O~4~ composite.](ao-2019-001706_0003){#fig3}

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b illustrates the influence of temperature on the AO7 oxidation. Fast rates could be observed and 64% degradation was reached within 15 min at 338 K. In contrast, it takes 45 min at 298 K. Obviously, high temperature increases the mobility of H~2~O~2~ and AO7 to the surface of the cellulose/GO (8%)/Fe~3~O~4~ hydrogel, thereby resulting in more HO^•^, thus accelerating the degradation of AO7. Nevertheless, the temperature of 298 K was selected in further experiments because raising the temperature from 298 to 338 K would result in additional energy costs.

The concentration of H~2~O~2~ is also a significant factor in generating HO^•^ for AO7 oxidation and its effect is depicted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c. As the concentration of H~2~O~2~ increased from 5.5 to 22 mM, the AO7 oxidation increased from 80 to 98% ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). The increased degradation of AO7 results from the increased HO^•^ concentration. As the concentration of H~2~O~2~ increased further to 33 mM, the degradation of AO7 decreased to 82%. The result suggests that the excess H~2~O~2~ could lead to a reaction between H~2~O~2~ with HO^•^ generating hydroperoxyl radicals (HOO^•^).^[@ref37]^

The degradation performances of AO7 at different pH experimental conditions are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d. Clearly, the best degradation performances of AO7 are reached at pH = 3. When the pH value was higher than 3, the AO7 degradation decreased. This can be attributed to the decomposition of more H~2~O~2~ into water and oxygen without the generation of appreciable amounts of HO^•^. When the pH value was lower than 3, the degradation of AO7 also decreased. The results suggest that the excess H^+^ lead to a scavenging effect of HO^•^, thus reducing the degradation reaction.

On the basis of the above results, the optimized experimental condition for AO7 degradation are \[AO7\] = 0.1 mM, \[H~2~O~2~\] = 22 mM, pH = 3, and *T* = 298 K.

Catalytic Activity of Cellulose/GO/Fe~3~O~4~ Hydrogels {#sec2.3}
------------------------------------------------------

The degradation of AO7 by H~2~O~2~ catalyzed with the cellulose/GO (8%)/Fe~3~O~4~ composite can be analytical tracked by the change in the UV--vis absorption spectrum over the course of degradation ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). The UV--vis spectrum of the chromophore AO7 is characterized by absorptions at 430 and 484 nm, which are caused by the azo and hydrazine form, respectively. The other two peaks at 230 and 310 nm are caused by the adjacent auxochrome benzene and naphthalene rings, respectively.^[@ref38]^ These four characteristic peaks decreased significantly with increasing reaction time, which was attributed to the destruction of the auxochromic and chromophoric structures during the heterogeneous Fenton-like reactions.

![(a) UV--vis analysis of the degradation of AO7 by H~2~O~2~ catalyzed with the cellulose/GO (8%)/Fe~3~O~4~ composite. (b) Effect of catalysts on degradation profiles of AO7 (\[AO7\] = 0.1 mM, \[catalyst\] = 0.2 g L^--1^, pH = 3, \[H~2~O~2~\] = 22 mM, and *T* = 298 K).](ao-2019-001706_0004){#fig4}

The catalytic activity of different composites in degrading the AO7 dye is presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. Insignificant degradation of the AO7 dye was observed in the presence of H~2~O~2~ only. The result in the blank conditions of the Fenton-like reaction could be because of the higher oxidation potential of HO^•^ radicals compared to H~2~O~2~. In the presence of cellulose/Fe~3~O~4~ and cellulose/GO (8%) composites, the AO7 dye was degraded by 64 and 23% after 180 min of reaction, respectively. In the presence of different cellulose/GO/Fe~3~O~4~ composites, the degradation degree of AO7 varied within the range of 71--98% after 180 min.

The increase in degradation rate is because of the synergistic effects between Fe~3~O~4~ nanoparticles and GO sheets. First, GO features aromatic ring structures that are facilitated through π--π interactions and the adsorption of AO7, which contains also aromatic units ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). This could provide an increase of AO7 concentration^[@ref39]^ near the active sites, and the accumulated AO7 will be oxidized faster by the HO^•^ generated from H~2~O~2~ in the direct neighborhood.^[@ref18]^ Second, the interactions between GO sheets and Fe~3~O~4~ nanoparticles could generate the electron transport between Fe~3~O~4~ and GO.^[@ref40]^ Third, the partial reduction of GO promotes the regeneration of Fe^2+^ during the degradation reaction, which enables electron transport to accelerate the redox cycle. In summary, the structural and morphological interactions of cellulose/GO/Fe~3~O~4~ composites determine the high catalytic activity for the degradation of AO7.

The durability of the cellulose/GO/Fe~3~O~4~ catalyst for the degradation of AO7 was also verified ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). The degradation of AO7 was monitored for twenty consecutive cycles, with each cycle lasting 3 h. Before the addition of fresh AO7 solution in each cycle, cellulose/GO/Fe~3~O~4~ hydrogel was taken out of the solution and washed thoroughly with water. There was only very small decrease in the degradation rate during the five consecutive cycles, and even in the 20th cycle only a small decrease in degradation efficiency was detected, indicating the good stability of the prepared cellulose/GO/Fe~3~O~4~ catalyst.

![(a) Cycling runs in the AO7 degradation using cellulose/GO (8%)/Fe~3~O~4~ composites. (b) Comparison of the long-term stability of the catalytic activity of the cellulose/GO/Fe~3~O~4~ and cellulose/Fe~3~O~4~ composites tested by repeated use for AO7 degradation.](ao-2019-001706_0005){#fig5}

Compared to the cellulose/Fe~3~O~4~ composites, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b, the cellulose/GO (8%)/Fe~3~O~4~ composites exhibited excellent catalytic stability over five cycles, with unobvious AO7 degradation efficiency lost. Conversely, the degradation activity of cellulose/Fe~3~O~4~ composites declines quickly. While in the first cycle, 64% of AO7 were decomposed, the efficiency of cellulose/Fe~3~O~4~ composites decreased to only 14% AO7 degradation in the fifth cycle. The catalytic stability of cellulose/GO/Fe~3~O~4~ composites over several cycles (even twenty cycles) resulted from the co-effect between Fe~3~O~4~ and GO. The counter-intuitive result was due to the loss of surface passivation of cellulose/GO/Fe~3~O~4~ hydrogels. In the system, the surface passivation of cellulose/GO/Fe~3~O~4~ hydrogel might be prevented by the effective formation of HO^•^.^[@ref41],[@ref42]^ In cellulose/Fe~3~O~4~ hydrogels, the ineffective regeneration of Fe^2+^ during the degradation reaction could bring about the generation of passivated Fe~3~O~4~,^[@ref18],[@ref43]^ resulting in a loss of catalytic activity.

XPS analysis was carried out to clarify the possible regeneration of Fe^2+^ of cellulose/GO/Fe~3~O~4~ and cellulose/Fe~3~O~4~ composites. The Fe 2p spectra of cellulose/GO (8%)/Fe~3~O~4~ composites and cellulose/Fe~3~O~4~ composites (see [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) showed the spin--orbit doublets of Fe 2p~1/2~ at 724.6 eV and Fe 2p~3/2~ at 711.1 eV. The deconvolution of Fe^2+^ and Fe^3+^ confirms the regeneration of Fe^2+^ by quantifying the changes in the Fe^3+^/Fe^2+^ ratio. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} summarized the details of Fe^2+^ and Fe^3+^ peaks in regard to their ratio. An apparent increase in the Fe^3+^/Fe^2+^ ratio after twenty catalysis cycles was only found in the cellulose/Fe~3~O~4~ composites rather than the cellulose/GO/Fe~3~O~4~ composites. The increase in the Fe^3+^/Fe^2+^ ratio from 2.02 to 4.56 in cellulose/Fe~3~O~4~ is due to a proportion of the Fe^2+^ being oxidized into Fe^3+^ on the surface of Fe~3~O~4~ nanoparticles throughout the catalysis. On the contrary, no increase in the ratio of Fe^3+^/Fe^2+^ was observed for the cellulose/GO/Fe~3~O~4~ composites. These results plausibly confirmed the ineffective regeneration of Fe^2+^ in cellulose/Fe~3~O~4~ composites during degradation reaction of AO7 and the good regeneration of Fe^2+^ of cellulose/GO/Fe~3~O~4~ composites, which was associated with the presence of synergistic interactions between Fe~3~O~4~ nanoparticles and GO during the heterogeneous Fenton-like reaction. In fact, these results are also related to the high performance of cellulose/GO/Fe~3~O~4~ composites in removal of AO7 during the long-term stability test ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).

![XPS spectra of (a) cellulose/GO (8%)/Fe~3~O~4~ composites and (b) cellulose/Fe~3~O~4~ composites during 20 cycles.](ao-2019-001706_0006){#fig6}

###### Fe^3+^/Fe^2+^ Ratio of Cellulose/GO (8%)/Fe~3~O~4~ and Cellulose/Fe~3~O~4~ Composites during 20 Cycles

                                Fe 2p~1/2~   Fe 2p~3/2~                   
  ------------------------ ---- ------------ ------------ ------- ------- ------
  cellulose/GO/Fe~3~O~4~   0    22.14        8.14         44.75   24.97   2.02
                           1    21.42        7.36         45.47   25.75   2.02
                           3    22.56        8.01         44.22   25.21   2.01
                           5    22.43        7.95         44.23   25.38   2.00
                           10   22.44        7.75         44.45   25.36   2.02
                           20   22.98        8.10         43.41   25.51   2.05
  cellulose/Fe~3~O~4~      0    22.01        7.77         44.77   25.45   2.02
                           1    21.95        8.45         48.11   21.49   2.34
                           3    22.43        8.35         49.48   19.74   2.56
                           5    21.87        6.14         53.98   18.01   3.14
                           10   24.19        3.60         55.36   16.85   3.89
                           20   24.90        3.62         57.12   14.36   4.56

As mentioned above, the cellulose/GO/Fe~3~O~4~ composites as the catalyst exhibit outstanding durability and recyclability. To explain this phenomenon, [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} presents the proposed mechanism of synergy of Fe~3~O~4~ and GO in delivering the excellent and durability performance. First, the degradation of AO7 mainly takes place at the solid--liquid interface, where the generation of HO^•^ radicals is caused by the decomposition of the adsorbed H~2~O~2~ by the actives sites of the Fe~3~O~4~ nanoparticles coated on the surface of GO ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"}). Second, in addition to the active sites (Fe^2+^/Fe^3+^) of Fe~3~O~4~ nanoparticles, H~2~O~2~ could also be decomposed on the surface of GO to generate HO^•^ radicals,^[@ref44]^ which result from the donor--acceptor properties of GO sheets^[@ref45]−[@ref48]^ based on an electron-transfer mechanism ([eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} and [4](#eq4){ref-type="disp-formula"}). Third, π electrons on the surface of GO in turn can generate the electron transfer between Fe~3~O~4~ and GO,^[@ref40]^ which result from the existence of many semiconducting π-conjugated sp^2^ carbon domains.^[@ref49]^ The feasibility of the electron transfer can be ascribed to the standard reduction potential of GO (−0.19 V),^[@ref50]^ which is lower than that of Fe^3+^/Fe^2+^ (+0.771 V).^[@ref21],[@ref45]^ Therefore, the spontaneous reduction from Fe^3+^ to Fe^2+^ could be available because the electron donation from the GO sheets to the oxidized active sites. Because the regeneration of Fe^2+^ by H~2~O~2~ ([eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}) was quite slow, this synergistic effect between Fe~3~O~4~ nanoparticles and GO is beneficial in speeding up the redox cycles ([eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}).^[@ref29]^ The fast regeneration of Fe^2+^ is greatly promoting the decomposition of H~2~O~2~. Finally, the hydrogel structure of cellulose/GO/Fe~3~O~4~, which consists of multiple hydrogen bonds, ensures the stability of every component after many catalysis cycles. Overall, the electron transfer in the cellulose/GO/Fe~3~O~4~ hydrogel plays the major role in the redox reaction of Fe~3~O~4~ nanoparticles, which can achieve the good and long-lasting degradation performance of AO7.

![Proposed mechanism of the cellulose/GO/Fe~3~O~4~ hydrogel as the catalyst to degrade AO7.](ao-2019-001706_0007){#fig7}

In order to have a rough estimation of the efficiency of cellulose/GO/Fe~3~O~4~ hydrogels as the catalyst to degrade AO7, the degradation performance and stability were compared with those reported in the literature. [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} contains different catalysts able to degrade AO7 dye at similar operational conditions. Under this condition, most of the recent reports have lower removal percentage of AO7 than the ones reported here. Compared to them, the cellulose/GO/Fe~3~O~4~ hydrogel exhibited good degradation performance and excellent recyclability. Only the system described in ref ([@ref53]) shows similar behavior compared to our cellulose-based system. Moreover, another advantage of the hydrogel as the catalyst is that the cellulose matrix contains GO and Fe~3~O~4~ nanoparticles and maintains the hydrogel structure during the catalyst reaction, which will not result in secondary pollution. The "dip-catalyst" can be easily removed from the polluted water after the degradation reaction. In other words, it is easy to start and stop the degradation reaction by taking in and out the whole hydrogel. It is obvious that the cellulose/GO/Fe~3~O~4~ hydrogel, with its sustainable feature, convenient fabrication, great catalytic efficiency, good recyclability, and easy removability, is expected to be very useful in AO7 dye removal.

###### Degradation Performance and Stability of Different Systems

  dyes   catalyst                                                        percentage of removal   stability                            conditions                                refs
  ------ --------------------------------------------------------------- ----------------------- ------------------------------------ ----------------------------------------- ------------
  AO7    GO/Fe~3~O~4~                                                    80.0% in 20 min                                              pH 3; 0.1 mM dye; 22 mM H~2~O~2~; 298 K   ([@ref30])
                                                                         98.0% in 180 min                                                                                        
  AO7    BiOI/ZnFe~2~O~4~                                                90.5% in 180 min                                             pH 5; 20 mg L^--1^ dye; 298 K             ([@ref51])
  AO7    pillared saponite clay impregnated with Fe(II)acetylacetonate   91.8% in 180 min                                             pH 5; 0.1 mM dye; 20 mM H~2~O~2~; 303 K   ([@ref52])
  AO7    BiOI--BiOCl/C~3~N~4~                                            96.6% in 140 min        87.4% in 140 min after the 4th run   pH 6; 0.1 mM dye; 20 mM H~2~O~2~; 303 K   ([@ref53])
  AO7    CdO--ZnO                                                        69% in 140 min                                               pH 7; 20 mg L^--1^ dye; 298 K             ([@ref54])
  AO7    Cd--TiO~2~                                                      95% in 120 min                                               pH 2; 20 mg L^--1^ dye; 298 K             ([@ref55])
  AO7    Ag--ZnO/CNT                                                     98% in 120 min          95% in 120 min after the 4th run     pH 5; 20 mg L^--1^ dye; 298 K             ([@ref56])
  AO7    cellulose/GO (8%)/Fe~3~O~4~ hydrogel                            97% in 120 min          90% in 180 min after the 20th run    pH 3; 0.1 mM dye; 22 mM H~2~O~2~; 298 K   this work
                                                                         98% in 180 min                                                                                          

Conclusions {#sec3}
===========

In conclusion, we have successfully grown Fe~3~O~4~ nanoparticles on cellulose/GO hydrogels by a simple, scalable, and facile method. This method produced cellulose/GO/Fe~3~O~4~ composites, in which Fe~3~O~4~ nanoparticles were uniformly and densely coated on the surface of GO and cellulose chains. The resulting composites show superior and durable catalytic activity in oxidation of AO7 dye compared to cellulose/Fe~3~O~4~ composites, which results from the synergistic effect of Fe~3~O~4~ and GO. We expect that the composite hydrogels can be also useful for the purification of other dye-contaminated wastewaters. Our method could be further extended to grow other functional materials on cellulose or cellulose/GO composites for advanced applications.

Experimental Section {#sec4}
====================

Materials {#sec4.1}
---------

The cellulose samples are cotton linters, DP 500, supplied by Hubei Chemical Fiber Group Ltd. (Xiangfan, China). AO7 (orange II; 85%), GO dispersion (4 mg/mL), FeCl~2~·4H~2~O (99%), and FeCl~3~·6H~2~O (97%) were purchased from Sigma-Aldrich and used as received.

Preparation of Cellulose/GO Composite Hydrogels {#sec4.2}
-----------------------------------------------

A solution of NaOH/urea/H~2~O (7:12:81 by weight) was prepared as solvent. The designated amounts of NaOH and urea were added into distilled water and then the solvent was precooled to −12 °C. The designated amount of cellulose was added and dissolved into the solvent under vigorous stirring for 5 min. Then, a calculated amount of GO dispersion (4 mg/mL, Sigma-Aldrich) was added into the cellulose solution under vigorous stirring for 5 min. After degasification, the mixture was cast on a glass plate to give a 400 μm thick gel sheet, which was then immersed into a coagulation bath with 5 wt % H~2~SO~4~ for 5 min at room temperature to coagulate and regenerate. It was then immersed in distilled water to remove urea and NaOH.

By adjustment of the amount of the GO aqueous dispersion, cellulose/GO composite hydrogels consisting of 100 g water, 4 g cellulose, and different GO contents of 3, 5, and 8 wt %, related to the cellulose amount were obtained.

Preparation of Cellulose/GO/Fe~3~O~4~ and Cellulose/Fe~3~O~4~ Composite Hydrogels {#sec4.3}
---------------------------------------------------------------------------------

The cellulose/GO hydrogel was immersed into an aqueous solution (200 mL) consisting of 8 mmol FeCl~3~·6H~2~O and 4 mmol FeCl~2~·4H~2~O for 2 h at room temperature. Subsequently, the cellulose/GO hydrogel was added into the NaOH (1 M) solution for another 5 min. The resultant hydrogels were washed with running water and deionized water.

Characterization of Morphology and Microstructure of Composite Films {#sec4.4}
--------------------------------------------------------------------

For the characterization of the composites, the hydrogels were fixed on glass plates using Scotch tape and dried at ambient temperature to obtain films with a thickness of ca 40 μm. Transmission electron microscopy (TEM) was performed using a LIBRA 200 MC (Carl Zeiss SMT, Oberkochen, Germany) at an accelerating voltage of 200 kV. The films were embedded in epoxy resin, and ultrathin sections with a thickness of about 90 nm were cut with an ultrasonic diamond knife (DIATOME, Switzerland) by using ultramicrotome EM UC/FC 6 of the company Leica (Austria) at room temperature. XRD was performed using a D/MAX-1200 (Rigaku Co., Japan) with a wavelength of 0.154 nm and a Lynx Eye detector at a scanning rate of 2θ = 1° min^--1^. X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis ULTRA X-ray photoelectron spectrometer with monochromatic Al Kα (*h*ν = 1486.6 eV). All XPS spectra were corrected using the C 1s line at 284.6 eV. FTIR spectroscopy in the range of 4000--500 cm^--1^ was performed on a Spectrum 400 FT-IR/ATR Spectrometer (PerkinElmer, USA). Thermogravimetric analysis (TGA) was done using a TGA Q5000 (TA Instruments, USA) from 30 to 800 °C with an increment of 10 K min^--1^.

Testing of Catalytic Activity {#sec4.5}
-----------------------------

First, the cellulose/GO (8%)/Fe~3~O~4~ hydrogel was chosen to study in detail the effect of the parameters initial AO7 dye concentration, temperature, pH, and the initial concentration of H~2~O~2~ on the catalytic performance. Hydrogel (5 g) in the shape of a thick film of about 120 × 80 × 0.5 mm^3^ were dipped into 250 mL solution of AO7 and the AO7 degradation was followed with time. The experimental design was chosen by changing one factor and keeping the others constant. The variation of parameters was chosen as follows: AO7 concentration = 0.1, 0.2, 0.3, and 0.4 mM; H~2~O~2~ concentration = 5.5, 11, 22, and 33 mM; pH = 2, 2.5, 3, 3.5, and 4; temperature = 298, 318, and 338 K.

Then, so as to compare the degradation performance of different cellulose/GO/Fe~3~O~4~, cellulose/GO, and cellulose/Fe~3~O~4~ hydrogels, the catalytic activity of AO7 was studied using the different hydrogels at constant conditions with AO7 aqueous solutions of 250 mL (experimental conditions: \[AO7\] = 0.1 mM, \[catalyst\] = 0.2 g L^--1^, pH = 3, \[H~2~O~2~\] = 22 mM, and *T* = 298 K). The initial pH of the AO7 solution was adjusted to 3. The reactions were initiated by adding H~2~O~2~ (22 mM) into the suspension. It should be noted that, before the reaction, the solution was stirred in the dark for 30 min to achieve the adsorption equilibrium. The concentration of AO7 was analyzed by spectrophotometer at a wavelength of 484 nm. The UV--vis spectra of the samples were recorded in air atmosphere at room temperature from 200 to 600 nm using a UV--vis spectrophotometer (SPECORD 201 PLUS, Analytik Jena, Germany).

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsomega.9b00170](http://pubs.acs.org/doi/abs/10.1021/acsomega.9b00170).Wide-scan XPS spectra and high-resolution Fe 2p spectra of different nanocomposites and Fe~3~O~4~ nanoparticles and TGA curves of different composites and cellulose and residues of cellulose/GO and cellulose/GO/Fe~3~O~4~ composites ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b00170/suppl_file/ao9b00170_si_001.pdf))
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